Abstract
Introduction

33
Following the rapid development of onshore and offshore wind farms in recent years, there is 
102
The number of grid points around the airfoil profile (suction plus pressure sides) is 440. The wall distance 
128
The blade profile of the 1.2 kW Windspire VAWT is an asymmetric airfoil DU06W200, designed at 5 and thus the TSR decreases leading to stall. The relatively high solidity and the small size of the turbine 137 justify the low values of both C P and the optimal TSR. In fact the operational average Reynolds number
138
(Re=c*R*Ω/ν, where ν is the kinematic viscosity) is very low (~160,000 for U 0 =8 m/s), entailing 139 considerable flow separation phenomena induced by the high adverse pressure gradient occurring on the 140 blade suction side (as already discussed in a previous study, [12] ).
141
We performed CFD simulations of an isolated turbine first to verify the numerical model by comparing 142 results with experimental data. Figure 2 shows a comparison between the calculated and the experimental 143 values of power and C P versus the wind speed measured at the hub height. Except for very low wind speeds
144
(that imply extremely low Reynolds numbers) and very high wind speeds (that involve stall), the numerical 145 results compare well with the measured data; the differences are less than 20%, which is reasonable 146 considering that the experimental power is the electrical one and the CFD model includes neither the 147 interferences of shaft and struts nor the blade tip losses. Some additional simulations were made to verify the 148 grid sensitivity, as reported in the Appendix. 
154
Physical mechanisms of a pair of turbines
156
We analyse the behaviour of a pair of counter-rotating VAWTs in close proximity by means of 2D specified, the distance between the two turbine axes is set at 1.5D and TSR is set at 2.7, which is the TSR
160
giving the highest power for the turbine pair cases.
161
A schematic representation of the upwind and downwind paths of the blade in one revolution is given 162 in figure 3 ; as usually done, in all graphs illustrating the instantaneous C P for a single blade, the azimuthal 
174
Before quantitatively analysing the performance of counter-rotating VAWT pairs, we highlight some 
239
The absolute pressure maps for B-configuration show a greater pressure difference between the pressure and 
9
The power gain observed in the downwind path by both configurations with respect to the isolated turbine (see C P graph in figure 3 ) is more difficult to interpret, but it appears to be largely due to higher flow 
269
The mechanism responsible for the good performance of the downstream turbine, however, is rather different 270 from that found for side-by-side pairs. Here the dominant mechanism is an effect of the upstream turbine 271 blockage. In particular, the high flow rate occurring at the sides of the upstream turbine contributes to the 272 peak C P of the downstream turbine that is considerably higher than that of the isolated turbine (without the 273 extension of the azimuthal range producing torque observed for the side-by-side configurations). Moreover, 274 most of the power gain, with respect to the isolated turbine, is generated in the upwind path. Reasons for these results can be found by looking at the plots of the flow velocity monitored on U and D 1 curves in figure the comparison with the turbines spinning in the same rotational direction. X-velocities on U-curve confirm the much higher flow rate in front of the downstream turbines, whereas y-velocities are quite similar to that 
290
As will be shown later, the convergent wake bending of B-pairs will also be responsible for an earlier 
299 300
Effect of TSR
11
Before discussing the effects of TSR on a turbine pair, the effects on an isolated turbine are briefly 303 illustrated. As can be seen on the velocity magnitude maps in figure 9 , an increase in TSR leads to a 304 reduction of the turbine permeability, making the turbine more and more similar to a bluff body (as revealed 305 by the wake shortening and the growth of wake instabilities far downstream). 
311
The permeability reduction mainly involves two effects observed in the plots of the velocity 
322
Results in (a) and (b) refer to a particular time step of the unsteady solution (blades at 0°, 120° and 240° azimuthal degrees).
324
It should also be noted that, as already mentioned earlier, the turbine studied here is characterised by a 325 relatively worse performance because of low operational Re that, especially at low TSR (as TSR=2.3),
326
generates flow separation and dynamic stall. Yet, flow separation is moderate at TSR=2.7 and it completely 327 disappears at TSR=3.2; this explains the growth of the C P peak value and its occurrence at larger azimuthal
328
angles as the TSR increases.
12
Now we look at the effects of TSR on a (non-staggered) pair of turbines. As can be seen from the at the same TSR) especially at higher TSR. It can also be seen that A-configuration gives a better 332 performance than B-configuration. 
337
The following analysis is focused on A-configuration since its better performance relative to B- 
347
To further investigate the effects of TSR, x-and y-velocity components upstream of the turbines at 
351
Secondly, following the permeability reduction, higher flow rates occur at the outer sides of the 13 configuration (as recognized by the x-and y-velocities increasing at the outer sides). Higher values of y-velocity at the outer sides (with respect to the isolated turbine) delay the torque production at the beginning of the upwind path (which means that the torque production starts later as the TSR increases). Thirdly, a
drastic reduction of y-velocity upstream of the turbines at the inner sides of the configuration occurs as the
356
TSR increases, resulting in a significant extension of torque production during the late part of the upwind
357
path. This last effect seems the main cause for the increase of the relative power gain with TSR, as will be 358 described below. 
365
In figure 14 a comparison of the one-blade instantaneous C P curves for A configuration and for the isolated 
378
It is interesting to observe that the percentage of power gain obtained in the upwind path increases more and 379 more as the TSR increases. However, as also well known from the actuator disk theory, the absolute 380 maximum power is not obtained at the highest TSR since a too high TSR dramatically reduces the flow rate 381 through the turbine, leading to excessively low wind speed in the downwind path (as already seen in the 382 velocity maps in figure 12 ) and consequently to even negative torque in the downwind path (as noticeable in 383 the one-blade instantaneous C P graphs). Thus the best compromise between the upwind and downwind 384 torque productions is achieved at TSR=2.7, as already shown in figure 11 .
385
To conclude this section we remark that, although the physical mechanisms responsible for the power 
412
135°.
414
From this figure it can be observed that at γ=45° and γ=67.5° the turbines work as in the staggered-B
415
configuration, whereas at γ=112.5° and γ=135° the turbines work as in the staggered-A configuration. We 
16
can be explained by the reasons already discussed earlier for the effect of staggering. The poor performance of the upstream turbine at γ=67.5° (when the convergence of the wakes occurs) is due to the backpressure As the upstream turbine is affected by a lower local wind speed, it could be useful to reduce its TSR
424
(for instance, down to 2.55, which is the optimal value found for the isolated turbine) with keeping the 
437
Finally, the graphs in figure 18 illustrate the effects of the distance between the turbine axes on the configuration. Yet for these wind directions the average power loss with respect to the isolated turbine is quite small at longer distances, especially at a distance of 3D. 
451 452
Interestingly, for the side-by-side situation (γ=0° and 180°) the effect of the turbine distance is much less 453 significant; hence a distance of 3D appears to be the best overall choice for varying wind directions. It is also performance as that for the side-by-side pair for a wide range of γ (more than 90°).
458
Discussion
460
The 2D CFD analysis performed in this study has explained several important flow mechanisms 461 regarding the performance of a counter-rotating pair of VAWTs. In this section we discuss some 
466
For the first scenario, we can expect that the performance of such a single lateral row of VAWTs will 467 be explained largely by the flow mechanisms investigated in this study for a pair of counter-rotating turbines.
the local flow field created between any two neighbouring turbines will be similar to either A-or B-470 configuration investigated in this study. One important implication here is that the mechanisms of enhanced
471
power generation by such a single row of VAWTs are a little more complex than the so-called "local 472 blockage effect" explained by the actuator disk theory [13] . As described earlier, the power generated in the 18 in this study also has some limitations compared to a full 3D analysis. Presumably the most important around each turbine (except when the wind direction is close to γ=90°/270°, where turbines will be in the 
510
For the case of two turbines arrayed side-by-side with respect to the incoming wind (i.e. wind direction flow approaching the blade more favourable to generate lift and torque in the upwind path; and (2) contraction of the wake in the downwind path, again due to the presence of the neighbouring turbine, making 515 a larger momentum flux available for power generation in the downwind path. The balance between the two 516 mechanisms (in terms of their contributions to the overall power increase) has been found to depend on the 517 tip-speed-ratio as well as on the configuration type (A or B).
518
For the case of two turbines arrayed in a staggered pattern with respect to the incoming wind, we have 519 observed that a larger power tends to be generated by the downstream turbine than by the upstream turbine 520 (unless the downstream turbine is in the wake of the upstream turbine). This is essentially due to the 
554
Simulations are performed for the isolated turbine and for the A-pair (with a distance between axes of 1.5D)
555
with a TSR of 2.7 (the optimal TSR in case of the pair configuration). Results show that, for both isolated 
568
Case name C P isolated turbine C P pair power ratio: C P,pair /C P,isolated ((power ratio)-(power ratio) grid(1) ) / (power ratio) grid (1) Grid ( Table 3 summarises the turbine performance obtained in terms of the absolute C P and of the "power ratio", grid sensitivity study is that, despite the non-negligible effects of y + and element size on the absolute turbine 575 performance, there are no significant effects on the power gain for the turbine pair with respect to the 576 isolated turbine. Since the main focus of the present paper is on the behaviour of a pair of turbines compared 577 to the behaviour of the isolated turbine, even grid (1) can be considered sufficiently accurate.
578
